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Nonminimal Lorentz Violation in Linearized Gravity
Matthew Mewes
Physics Department, California Polytechnic State University
San Luis Obispo, CA 93407, USA
This contribution to the CPT’19 meeting provides a brief overview of recent
theoretical studies of nonminimal Lorentz violation in linearized gravity. Sig-
natures in gravitational waves from coalescing compact binaries are discussed.
The Standard-Model Extension (SME) is a general framework for studies of
arbitrary realistic violations of Lorentz and CPT invariance. The SME has
provided a theoretical base for hundreds of searches for Lorentz and CPT
violations in particles and in gravity.1 The leading-order violations in the
particle sectors of the SME were written down more than two decades ago,2
followed by the leading-order violations in gravity.3 These violations modify
the Standard Model of particle physics and General Relativity. Together
they give the so-called minimal Standard-Model Extension (mSME).
A Lorentz-violating term in the SME action takes the form of a con-
ventional tensor operator contracted with a tensor coefficient for Lorentz
violation:
δS =
∫
d4x (coefficient tensor) · (tensor operator) . (1)
The tensor coefficients for Lorentz violation act as Lorentz-violating back-
ground fields. Each violation can be classified according to the mass dimen-
sion d of the conventional operator in natural units with ~ = c = 1. The
mSME contains the violations of renormalizable dimensions d = 3, 4. Non-
minimal violations are those with d ≥ 5. Nonminimal extensions have been
constructed for a number of sectors of the SME, including gauge-invariant
electromagnetism,4 neutrinos,5 free Dirac fermions,6 quantum electrody-
namics,7 General relativity,8,9 and linearized gravity.9–14
The extension for linearized gravity includes all possible modifications
to the usual linearized Einstein-Hilbert action that are quadratic in the
metric fluctuation hµν = gµν − ηµν . Each unconventional term takes the
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form12
δS =
∫
d4x 14K
(d)µνρσα1...αd−2hµν∂α1 . . . ∂αd−2hρσ , (2)
where K(d)µνρσα1...αd−2 are the coefficients for Lorentz violation. The coef-
ficient tensors can be split into irreducible pieces with unique symmetries,
giving fourteen different classes of Lorentz violation.13 Three of these classes
yield modifications that are invariant under the usual gauge transformation
hµν → hµν+∂(µξν). Restricting attention to the gauge-invariant violations,
the Lorentz-violating parts can be written as12
SLV =
∫
d4x 14hµν(ŝ
µρνσ + q̂µρνσ + k̂µνρσ)hρσ , (3)
where the three operators
ŝµρνσ =
∑
s(d)µρα1νσα2...αd−2∂α1 . . . ∂αd−2 ,
q̂µρνσ =
∑
q(d)µρα1να2σα3...αd−2∂α1 . . . ∂αd−2 ,
k̂µνρσ =
∑
k(d)µα1να2ρα3σα4...αd−2∂α1 . . . ∂αd−2 (4)
contain the three types of gauge-invariant violations. The s- and k-type
violations are CPT even, while q-type violations break CPT invariance.
The sums in Eq. (4) are over even d ≥ 4 for s-type violations, odd d ≥ 5
for q-type, and even d ≥ 6 for k-type.
The gauge invariant limit provides a simple framework for studies of
Lorentz violation in gravity, including studies of short-range gravity,9,10
gravitational Cˇerenkov radiation,11 and gravitational waves.12–14 For grav-
itational waves, the violations give a modified phase velocity of the form12
v = 1− ς0 ±
√
|ς(+4)|2 + |ς(0)|2 . (5)
The effects of Lorentz violation are controlled by the frequency- and
direction-dependent functions
ς0 =
∑
djm
ωd−40Yjm(−vˆ) k
(d)
(I)jm ,
ς(±4) =
∑
djm
ωd−4±4Yjm(−vˆ) (k
(d)
(E)jm ± ik
(d)
(B)jm) ,
ς(0) =
∑
djm
ωd−40Yjm(−vˆ) k
(d)
(V )jm , (6)
where ω is the angular frequency. Spin-weighted spherical harmonics sYjm
are used to characterize the dependence on the direction of propagation
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Fig. 1. Simulated noise-free detector strain signals from the merger of two equal-mass
black holes for (a) nonbirefringent dispersion with ς(6)0 = 20T 3/τ and (b) birefringence
with ς
(5)
(0)
= 10T 2/τ . The effective propagation time τ accounts for the redshift of
the frequency during propagation. We also define the characteristic merger time scale
T = GN (1 + z)M in terms of the Newton’s constant GN and the merger’s redshift z
and total mass M . The plots show the Lorentz-violating cases in black and the Lorentz-
invariant limit in gray.14
vˆ. The spherical coefficients for Lorentz violation k
(d)
(I)jm, k
(d)
(V )jm, k
(d)
(E)jm
and k
(d)
(B)jm are complicated linear combinations of the underlying tensor
coefficients in Eq. (4).
The Lorentz violation associated with k
(d)
(I)jm coefficients produce a
frequency-dependent velocity, leading to direction-dependent dispersion in
gravitational waves. An example of the effects of this type of violation
in a binary merger is shown in the top plot of Fig. 1. In this example,
d = 6 violations lead to a shift in phase velocity that is proportional ω2.
This particular shift causes the higher-frequency components of the wave to
travel slower than lower-frequency parts. Early in the merger, when lower
frequencies dominate, the effects of dispersion are insignificant. Higher fre-
quencies dominate at later times, where the signal experiences a delayed
arrival, deforming the tail end of the waveform.
The violations associated with the k
(d)
(V )jm, k
(d)
(E)jm and k
(d)
(B)jm coeffi-
cients yield two distinct propagating solutions. The two solutions have
different polarizations that are determined by the ς(+4), ς(−4), and ς(0) com-
binations.14 Each solution propagates at a different speed, corresponding
to the two signs in Eq. (5). This gives rise to birefringence (in addition to
dispersion). A general wave is a superposition of the two solutions, which
results in a net polarization that evolves as the wave propagates, yielding
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a key signature of birefringence. The effects depend on frequency, so each
frequency experiences a different change in polarization.
An example of the effects of birefringence are illustrated in the bottom
plot of Fig. 1. In this example, d = 5 birefringent Lorentz violations pro-
duce a simple rotation of the polarization of the wave. The rotation angle
grows with ω, so higher frequencies experience a greater change. The ex-
ample assumes that the gravitational wave is linearly polarized and that
the arms of the detector are aligned so that the strain signal is maximized
in the Lorentz-invariant limit. At later stages in the merger, the higher
frequencies produce a greater rotation of the polarization. This affects the
relative alignment of the arms of the detector and the wave’s polarization,
decreasing the response of the detector and distorting the signal.
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